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INTERPLAY BETWEEN SUPERCONDUCTIVITY AND ITINERANT FERROMAGNETISM iN Y9C07
AT HIGH PRESSURE

C.Y. HUA~G*, S.A.WOLF**, C.E. 9LSEN*, 14.W. FULLER**, J.H. HUANG**, AND
C.S. TING
*Center for Nonlinear Studies and Physics Div., Los Alamos Natiorral Labora-
tory, Los $lamos, NH 87545; **Code 6634, Naval Research Laboratory, Wash.
DC 20375; Physics Dept., Univ. of Houston, Houston, TX 77(.!04

The theory of the interplay between superconductivity
and itinerant ferromagnetism based on the single conduction
band model in the mean field approximation is summarized.
This theory predicts that superconductivity and itinerant
ferromagnetism cannot co-exist, that the nigher temperature
magnetic phase can transform into the low temperature super-
conducting state, and that a superconducting state will not
ti-ansform into a ferromagnetic state at a temperature below
the sui)erconducting transition. For the magnetic supercon-
ductor Y Co we have reviewed the experimental results and in
particul~r 7we have shown that pressure suppresses magnetism
resulting ‘in a higher superconducting transition temperature
and have concluded that Y Co is an itinerant magnet.
sure also sharpens the ~up~rconducting transition an;r;;:
creases the upper critical field, signifying that the ferro-
magnetic correlations and superconducting fluctuations
co-exist but very spatially. For pressures greater thar, 5
kbar, the magnetoresistance is always positive, further
indicating the suppression of magnetism by high pressure.
Several microscopic experiments and some improvement in
theory are suggested.

INTRODUCTION

For the past several years the interplay between super gnductivity and
magnetism has attracted considerable interest.[1-3] To date most of the
studies, experimental as well as theoretical, have concentrated on the rare
~artil ternaries whose particular crystal structure gives rise to weak
ri)agneticinteractions between the localized mdgnetic momcnt,r arising from 4f
rare earth ions and the sup~rconciucting rj,-electronsof th{’transition metal,
i.e. separate electrons are responsible for superconductivity and magnetism,
respectively.[3] ReccnLly a new inter-metallic magnetic superconductor,
Y(W , has been intensively investigated.[4-14] in this compouri(i,in COn-

t;ds{ to the w(?ll-est~blishcd ternary superconductors, magnetism iS itin..
crarlt in nature and superconductivity appears at T \13K) which is below the
tq)crature iitwhich the compound l)ccomes magnetic (Tl,l16K). The measure-
mcnt.s on this compound hav~ yielded interesting results replete with anoma-
li(’h. ‘lhe(i(!tdilo(l(!xp(?riment.~1inv(!stig{lt,jon? h~v~ concluded tt)dt ferro-
magnl;tic correlations which develop dt higher temperatures r[ynainfinite and
thdt In[l!jnetismis confined by sill~er~:on(l(~ctlvity.N(?utron depolarization
studies h~v(? led to the conclusion of the presence of a “hybri~” state Wjt,h

thu intl(nllo!j[~rl[?uu:;spatial virri(~t,ion ot th~’order”par[lmut(?r,



the interplay between superconductivity and magnet ism,[17] the electrical
resistance and the magnetic susceptibility in Y9C0 have been measured UP
to ~20 kbar.[14] The experimental results have le~ to the conclusion that
h-igh pressure suppresses the magnetic correlation raising the supercon-
ducting transition temperature Ts.

In this paper, we briefly describe the theoretical aspect of the prob-
lem based upon a single-band conduction election model in a mean field
approximation. We also discuss some salient features of the current experi-
mental results. Finally, the experimental results at high pressure (up to
20 kbar) and at high magnetic field (up to~6T) will be presented.

SUMMARY tJFTHEORETICAL RESULTS

The theoretical aspects of the interplay between itinerant ferro-
magnetism and superconductivity were first investigated by Nakanishi, et al
[18] employing the mean field approximation. They studied the interchange
of the itinerant ferromagnetic and superconducting phases. Very recently,
Lei, et al[19] have calculated the free energies at the same l~vel of
approximation by using a single-band model in which ferromagnetism and
superconductivity arise from the same electrons. The superconducting part
was treated by the BCS theory and the ferromagnetic part made use of the
Hartree-Fock appr~ximation. These authors have shown that the co-existent
state in which itinerant ferromagnetism and superconductivity co-exist
uniformly in space has the highest free energy and is thus unstable.
Therefore in this model, the co-existent state cannot appetr as a thermo-
dynamically stable state. They have also found that the stability of the
ferromagnetic state against the superconducting state depends on the p~rl-
ameters involved. When the parameters are chosen so that the ferromagnetic
transition temf)erature in the absence of superconductivity, T , is nuch
higher than the superconducting transition temperature in them?abserrceof
Ina!]netisrn,T the free energy of the ferromagnetic state is lower than
th~t of thos!?~perconc!ucting state for T<T and the state of the sjjtem
is ferromagnetic; (?superconductivity does n f!’appear. For T higher, but
not much high(~r$ thariT their results show that there is /i’’Oterroulagnetic
to supercor~ducting trdn~?~iorl at T <T and the transition is first order.
F~gure 1 displ~ys the temperdtur~ d~frendence of the ferromagnetic order
(m’lgnetizdtif~n), M, and the superconducting order, A, under this situution.
‘[he sdtnc result has be(!n obtained in Ret. 18. For T <T an d T(T, , the
tuperconductlng state is more stable than the fer!%na~fietic sta@, and
therefore furromagnetism cannot re-enter once the superconductivity is
already pretent. Tl,ese results are quite contrary to the rc-ent.r~nt fcrro-
magnet{c tcrr~~ries [3] where su~)crc~)r~(luctivityoccurs at higher temperature
follow[d by the appedr~nce of f(lrrolrlilgrlt:tislnat Ibwer tmli)erdturuo In these
t,prrlaries turromagnctisnl dri.,es fron) ‘,h(!Io(:alizcd 4f-elcctror]s while
s~]f~crct)r~[lllutivi~yComt:s frwn thu d-elect.rons dnd thu t’ruc energit?s ot thusu
two urduru~i stdtcs can I)U regdr(iwi irrdqcncicnt of uoch other and they cdn
t,]kcwht~t.evc’rv~!ues the sy$trm Llllows thcm to h~vt~.
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Fig. 1 Temper~ture dependencies of
the superconducting order-parameter,
A and the magnetization, M, when the
magnetic transition temperature,
T is higher than the superconduct-
i~~ transition temperature, T o
Here Ts is lovler than T~o the trafi-
sition temperature when rilagnetism
is absent.
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Fig. 2 Diagram of density of alloys
vs yttrium ~tom fraction.

SAMPLES

Y Co crystall+ es with ~n hexagonal unit cell [20] resulting from
Illthe as em ly of Y atc !S in the fcrm of trigonal prisms. A group of four Co

atoms is enclosed within the center of each of the Y prisms. The remainder
of the Co atoms lie along the c“axis of the unit celi. From the detailed
study of this compound [10,11] some properties seem tG be sensitive to the
inhofilogeneityand purity of thv sample, 7h~occut’rence of superconductivity
and mtlgnetism depends strongly on tbc ‘I,,C07crystal structure The base
di~grwn of the Y-Co binaries flh~s been i’nvestig~ted by Grover, et al 21 .
Their results sh~w the existence of a single phase over a narrow composition
rang~ of YtlCo,. composition which was originally studled

‘or ‘h” ‘lco3 tllcl\(!xCl,jon,llY9Co, ~,)l(,sclJersi:;tswit},drrd led to ‘t.hcdiscovery of ~C~j~t
YljCor as dn impurity ph~sc in-which Y8C05 is not superconducting ~rlclshows

\nu m{~jnotic ord~ring.

Whorl our work wd:, itllti(~trd,tht’unly publislwd Y-Co ph,lse diagra[ll.wds

th,qt of i{ay.[~~1 [~rly work on the magrletic dnd supl?rconductlng properties
in this syst{vn indlc(~trd th~t ttli!rrwcrs J qucstlorl as to the compound com-
po’lit.ion of thl’s(l~)[’rcorl(l(lc;tin(jiIhd:)(I.i]{!c(lij:i(?COIIIpoU~(l occurrcncps can be
d(~t,(!rmirl(?dJs J furlc(,iol]of’ com~)ositiun by the hr’udks in density VS COlnl’J(J-
sitlon tll(l~jrdms,o Scri(’s of dlloys was prcpnrt?d anti tl(!attreiited for 336
hour’s dt 53[1”(:. Tl,(~ dlloy (I(!nsiti(!swt?rc dot{lrrvirlt~dby weighing the buttons
illl)r.(]ll\ol)(’rl/(’rl(l,lhe tu”,ultt of ttl(~~~~(i~itc(llllll~tior)s~re plotted in Fig. 2.
with thu po$r,lbll!cxct~~)tiurlof th~! point. at Y

It
(:u15, thr ch~ngcs i~ S\tIpQ

of d[’t15ityvs yttrium atum frdction dt Y Co. , .0,
f)

and Y(Co, are consist-
!rnt witt) thu r~vwi)hasc dl~gr~m published )Y “,~ruvv:.et a~t[ 1] AS a mu~tt



YgCo7 appears tc exirt as a single phase.

PRL IJS EXPERIMENTAL RESULTS

qure 3 shows the results of the ac magnetic susceptibility, x, and
electrt al resistance, R, obtained by Sarkissian.[11] In this sample super-
conductivity sets in at ~3K and the magnetic transition takes place at~,6K.
It is evaent that thermal ,.ysteresis is present in the magnetic region.
This authjr has also shown the current dependence of the electrical resist-
ance in the magnetic region, [10] strongly indicating that superconducting
interactions co-exist with strong magnetic correlation. In addition, he
has measured the magnetoresistance in the magr~etic and superconducting
state. At low temperature but above the suDerconductinq transition. the
low field magnetoresistance indicates ‘k’+ ‘-’’------~’’-;’-- ‘l11-+11=~’---
are present. This observation further
interactions are present in the magn~tic

bllaL >upel LulluuLblIly lluLLua~lull>

suggests that the superco,lducting
region.
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rig. 3 Temperature dependence of ‘i, I \
the dc susc~ptibility, x, in Y Co,. ‘ L
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The arrows indicate in which d ret-
tlon the temperature was varied. a) Fig. 4 Fxcess heat capacity AC/T
cooling down from fl.2K to 1.5K, b) and thermopower S of Y9C07.
~nd c) second and third warming (From Ref. 11).
cycles and d) X in the siwle saiuplp
before further low temperature
annp~llrlgo The ins of. shows t.hc

,.

rcsist(lncc data. (f”rom Ref. 11).
%.

[n dddit ion to th[~ trdn~port prop[!rties, S~rkiss ian hJs mcdsurud the
m~gnctlzat{on in maqn~?tic tields from tl~~1 Gduss to 200 Gaus ,[10,23]
ACCOrdin\J to his d,ltd, 2tht?rr’iS nO Si\jn o{ ~irc~r b[~havlor in M and M/l!
pluts in t,hu low fi(?ldr[?tJim{\.Thu m~gn(?tic susceptibility ~t hiyh trr!lpera-
turrs does not follow ,] Curi[?-Weiss law but rather toflds to tempelcitur[:-
Indr:prnd(!ncc,~s uxpvct(~d for ,111itirlt?rdrltmdqnet. This result is consist-
ent with thu Otricrvllt.iunth,~tthv Lwlli)er,lt.uredep(’nd(>nc~of the high tmp(?r-
at~ir~ rrs Istancp lfil(~s~than d 1irledrrise with tm~](~rdturc. Mor(’over, his
M-t{ hyst(~r(~sisloops, t,~k(jr]in ficl(ls up tu 200” Gauss, halveen~bled him to
obsrt”v~ th[?Muissr!er uffcct. I“rom his obscrvatiorl th~t. the hysterc:,is loop



is more pronounced below Ts, he has concluded that the hysteresis is, ~t
least partly, due to superconductivity not just ferromagnetic domain walls
as in an ordinary magnet. \

The heat capacity and therrnopower are the best. demonstration of bulk
superconductivity. Figure 4 from Ref. 11 shows th~ excess heat capacity
AC/T, after subtracting lattice and electronic contribution. The peak at
w2.5K clearly displays the bulk superconducting transition. The peak in
the thermopower, S, arourld 3K is also consistent with this transition.

Among the salient features in Y Co ,
?

the results of the depolarization
of polarized neutrons [10,11] are pa titularly interesting. Sarkissian has
shown that the depolarization is present only #hen the magnetic field is
applied perpendicular to the incident neutron polarization. The abrupt
onset of depolarization takes place below 4K, displaying the kind of be-
havior to be expected if inhomogeneities were forming in the temperature
region In which magnetic correlations are present. This inhomogeneity is
consistent with the “hybrid” state present in the magnetic region discussed
above. The finite depolarization below T has been observed, but, beca~se
of the possible depolarization originatln~ from the flux line domains, the
question of complete or partial suppression of magnetic correlations could
not be answered.

EXPERIMENTAL RESULTS

The Y9C07 samples used in our high pressure experiments were prepared
by Johnson, Matthy and Co. 99.999% pure cobalt and 99.99% yttrium from the
Research Chemical Co. The alloys were made by arc melting together weighed
amounts of cobalt and yttrium metals on a water-cooled copper hearth in a
gettered argon atmosphere. Tho buttons were turned and i’emelted ten times
to insure compositional homogcileity. Melting l~s:ac did not exceed 0.4% so
that tht? composition: were taken to be thosl? as weighed out. The samples
were he~t tre,itedfor 20 ddys at 53Cf5°C in a high viicuun]furnace. Chemical
analysis, within limits of the atomic adsorption method used, shows the
material to Ilave tne composition Y9C07. Powder x-ray diffraction patterns
were t~ken ml the samples. All the observrid Iirlescould be indexed on the
structure, ‘Y4C03° reported by Lamaire, et al.[20] Within the sensi-
tivity ((b5’1)the alloys at Y Cu. were single phase. Tt,e resistivity ratio

‘~ ~ 16, comparable with others.[lO~~~ndT~f(t$()(/ti~,) of out samples la
T. o} ou~ saIIlplesis shout O.!JK lower ihan those used in Rcfs.
$Sssibly betidusb of the presellcu uf Gd impurities ( N1OO ppItI)in yttriulll.
Iiowcver, this lower’ Tc should not se-iously effect our high pressure
sludies.

We h~ve simultaneously nwdsurcd the electrical resistance and ~c mag-
nut.ic susccptibl llty of the sdmplPs as d function of tempcrdtuve frolu
‘\,l.2Kto 3(IOK,at pressurus up tol,i?~ kbar and Ilmynetic fields up to 6T.
Tht? rcsistdrlcc was measutl’d u~ing a standard four-t.erluinaldc technique
at 33 liz,while a 610 Hz susc~?ptlbility signtl was obtdined from ~ second-
~ry coi 1 wrdppcd directly arcund the smple. II)(? pressure was yeller;~tdd
jrl d 1:1 flul{! mixture of’ rl-pcntan(?and isomy] alLIJul contained inside ~
3.2 Inn) dldlll~t(?~Teflon CU~~ 1211C10S(Xi Inside a bcrylium-coppur cell, em-
pl,),yitl!jttlc self-cldm~~wj t,f:chniquu. The pressure wi]s monitored by a le~d
m,ll(umutcrwitl~ ~r} dccljr~lcyof j. 1 kl)~r. A sui)cr’c(]r~(iu~:tir~gmgrlet cap~blc
of !junurdtin!ja :Ildglletlcfield up to 61 wdc mploy(?d for the mglletic field
Studies.



is more pronounced below T~, he has concluded th~t the hysteresis is, at
least partly, due co superconductivity not just ferromagnetic domain walls
as in an ordinary magnet.

The heat ’capacity and therrnopower are the best demonstration of bulk
superconductivity. Figure 4 from Ref. 11 show~ the excess heat capacity
AC/T, after subtracting lattice and electronic contribution. The peak at
w 2.5K clearly displays the bulk superconducting transition. The peak in
,the thennopower, S, around 3K is also consistent with this transition.

Among the salient features in Y9C07, the results of the depolarization
of polarized neutrons [10,11] are particularly interesting. Sarklssia- has
shown that the depolarization is present only when the magnetic field is
applied perpendicular .to the incident neutron polarization. The abrupt
onset of depolarization takes place below 4K, displaying the kind of be-
havior to be expected if inhomogeneities were forming in the temperature
region in which magnetic correlations are present.- This inhomogeneity is
consistent with the “hybrid” state present in the magnetic region discussed
above. The finite depolarization below T has been observed, but, because
of the possible depolarization originatin~ frGm the flux “line domains, the
question of complete or partial suppression of magnetic correlations could
not be answered.

EXPERIMENTAL RESULTS

The Y9C07 samples
by Johnson, Matthy and
Research Chemical Co.
amounts of cobalt and

used in our high pressure experiments were prepared
Co. 99.999% pure cobalt and 99.99% yttrium from the
The alloys were made by arc melting to,gether weighed
yttrium metals on a water-cooled copper hearth in a

gettered argon atmosphere. The buttons were turned and remelted ten times
to insure compositional homogeneity. Melting losses did not exceed 0.4% so
that the compositions were taken to be those as weighed out. The samples
were heat treated for 20 days at 530~5°C in a high vacuum furnace. Chemical
analysis, within limits of the atomic adsorption method used, shows the
material to have the composition Y9C07. Powder x-ray diffraction patterns
were taken on the samples. All the observed lines could be indexed on the
structure, ,Iy ~0311 reported by Lamaire, et al.[20] Within the sensi-
tivity ( N5%) ?he alloys at Y9C07Nwf;e single phase. The resistivity ratio
(R30 /R4 2) of our samp?cs are comparable with others.[10,11] The
T. o? ou”r samples are about 0.5K low~r than those used”in !lefs. 10 and 11 ~
p&sibly beta’~se of the presence of Gd impurities ( RJ1OOppm) in yttrium,
However, this lower Tc should not seriously effect our high pressure
studies.

Me have simultaneously m~arureci tlw electrical resistance and ac mag-
netic susccptibil ity of the sanlplcs as a function of tcmperdture from
~ 1.2K to 300K, at pressures up to 20 kbar and magnetic fields up to 6’f.
The resistance was mc~curcd using a stand,lrd four-tcrwinal ac technique
at 33 Itz, while {1610 Hz susccptibi! ity sigtldl W(1S obtained frolllo second-
ary coil wrdppcd directly druun~l t.hc sdmpleo The pr~ssure was gen(?r,~t[?d
in a 1:1 flui(i mixture of n-p(?ntdvc ~nd isotmlyl alchol contained Inside a
3.2 rrrndiameter Teflon cup enclosed irl’)idca berylium-co~per cell , em-
ploying the s(!lf-clwllp[!dtechni(~uc. The pr(?s:ure was monltorcd by a le,~d
mdn.)m~ter with an accur.~cy of f 1 khar. A s(j~)~?rcor}tiuctir~grnognct capable
of ‘~en~rcrtinga m~gnt’tic field up to GT w~s Pmployed for the mdgnetic field
studies.

lhe tump~rdture dvpctId(!r,cuOf thl? aC I?\d(n(?tiC SUSCL?~Jtibil Ity at various

VdllIP7 of pressurt? {is displ dyed in Fig. 5. ’24] The increasv of the sus-
crptibil ity below ~8K at ~“il~ientpressure, in accordance with previous



. repor-ts, [10,11] indicates t~!e Onsr ot terromagnetlc correld~lull>. J 1111-
ilar to other itinerant ferromagnt.; , [16] x decreases with increasing
pressure. Also shown in the figure is the increase of thesuperconducting
transition temperature with increasing pressure, consistent with the obser-
vation that magnetism, which depresses T~, is suppressed by the applled
pressure.
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Fig. 5 Magnetic suscepti--
bility, X, vs T at various
pressure values.

Figure 6 shows the temperature dependence of electrical resistance at
various pressures. 1; is particularly Intriguing to observe that the resis-
tance is independent of pressure up to ~20 kbar for T>8K. ,This pressure
independence seems to indicate that the magnetic correlations exist only for
T(8K. As can be seen, the higher the pressure, the sharper the transition,
very similar to the pressure dependence of X near the transition shown in
Fig. 5. This interesting experimental result. indicatm that, the ferromag- ..
netic correlations and superconducting fluctuations at ambient pressure,
co-exist around T but vary spatially (the “hybrid” state), in agreement
with sugges}lons ~n Refs. 10 and 11. Furthermore at high pressure, the
magnetism 1s suppressed and the sample becomes more “uniform” spatially,
giving rise to a sharper transition.
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suppresses magnetism thus reducing the (negative) magnet oresistance. . In
want of an appropriate theory for the critical field of a magnetic super-
conductor, we define the midpoint of the transition as thg upper critical
field, 1+ (following Ref. 17). Figure 9 shows HC2 vs T at various values

of press$$c. As expected, Hcz increases with increasing pressure.
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,J DISCUSSIONS AND CONCLUSIONS

Our high pressure experiment has yielded the following re~ults: a)
high pressure stronglj’ suppresses magnetism; b) the magnetism is itinerant;
c) Ts and H increase with pressure; d) the Superconducting transi-
tion is shar~$r at higher pressures; e) the magnetoresis”tance for pressu~.e
greater than 8 kbar and temperatures lower than 5K is a“!ways positive; and
f) the ferromagnetic correlations and superconducting fluctuations co-exist
around T. in t+e magnetic Fegion and they vary in space. “ It is int~resting
to note that ome of these results can be interpreted in terms of Fig. 1 in
which the superconducting transition, T , is depressed because of the
presence of magnetism. Upon the applic%’?ion cf high pressure, magnetic
interactions are suppressed, thus raising T toward T . This result sug-
gf:sts theneed to repeat our experiments at kch highe~”pressure. “

. ,.

The question of the possible co-existence of superconduc~ivity and “
magnetic correlations, as hinted by the neutron sczttzring results d!scussed
above, has to be answered. A better neutron scattering experiment is
obviously necessary; this requires the preparation ofsingle crystal Y9C07.
Furthermore, microscopic studies such as NMR, muon spin resonance and
relaxation, ultrasonic attenuation, tunneling, microwave impedencs,. and the
Mdssbauer effect are needed to understand the intriguing physical properties
in Y9C07.

Beyoi~d doubt, the band calculations are essential. In order to under-
stand Y Co,,

3
a detailed theory taking into account the magnetic correlations

of the d-electrons of Co and the superconducting pairing in the 4d-electrons
of Y should be vital. It is also important for the theory to go beyond the
mean field approximation to include superconducting fluctuations and elec-
tromagnetic effects [3] and to calculate the physical quantities obtainable
from the experiments suggested above.
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